C+α cluster structure are also found.
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I. INTRODUCTION
The investigation of the cluster structure of atomic nuclei has been mainly performed for light N =Z nuclei, and much less is known for N =Z and unstable nuclei. A famous example of the clustering in N =Z nuclei is the 2α clustering of neutron-rich Be isotopes [1, 2, 3, 4, 5, 6, 7, 8] . The AMD studies [2, 4, 5, 7] successfully described many properties of neutron-rich Be isotopes and showed that most of them have the 2α cluster core. The degree of 2α clustering dynamically changes depending on the motion of valence neutrons. This feature is well understood by the concept of the molecularorbital [1, 3, 6] . The AMD study [9] has predicted the existence of the cluster structures also in 22 Ne, that is a system expected to have the 16 O+α cluster core as an analogue of neutron-rich Be isotopes. In this study, it has been showed that the 16 O+α core is formed and dissolved depending on the configurations of two valence neutrons. Thus, the cluster structures of these nuclei suggests us richer variety of the cluster structure in N =Z nuclei than N=Z one.
To understand the clustering in N =Z nuclei, a series of Oxygen isotopes is another good start point, because the 12 C+α cluster structure in 16 O has been investigated in detail for a long time [10] . Our interest in this study is to understand what will happen to the 12 C+α cluster structure when we add neutrons to 16 O. Many of the low-lying excited states of 18 O are understood within the shell model space of two neutrons in sd-orbital above N=Z=8 shell closure. However, it is also known that the states with the core excitation (4p2h) coexist [11, 12] in the same energy region. They were associated to the 14 C+α cluster structure, and many works were performed to investigate the molecule band structure of 18 O [12, 13, 14, 15, 16, 17, 18, 19, 20] . Consequently, the K π =0 + band that consists of the observed 0 + (3.63 MeV), 2 + (5.26 MeV), 4 + (7.11 MeV) and 6 + (11.69 MeV) states has been established well as the 4p2h and 14 C+α molecular band. The cluster model calculations [15, 16] that showed the 14 C+α cluster structure of the K π =0 + band also predicted two molecular K π =0 − bands. More recently, the α-cluster structure was investigated by the elastic α scattering on 14 C [22] and α breakup reaction [23, 24, 25] . In Ref. [24] , it was proposed that the K π =0 − band built on the 1 − state at 8.04 MeV [23] , that was in same energy region with the K π =0 − 2 band predicted by the cluster models, was the parity doublet partner of the K π =0 + α-cluster band. In the case of 20 O, nothing is known about the clustering. In the investigation of the neutron transfer reaction 18 O(t, p) 20 O compared with the shell model predictions, it has been suggested that the core excited states (6p2h) coexist with the normal states (4p0h) [26] . We consider that these states (0 + (4.46 MeV), 2 + (5.30 MeV), and 4 + (7.75 MeV)) could be associated with the cluster state as in the case of 18 O.
The purpose of this study is to investigate the cluster structure of 18 O and 20 O. We have applied the AMD+GCM (antisymmetrized molecular dynamics plus generator coordinate method) framework. The AMD is a kind of ab initio theory in the sense that it can describe the cluster structure and shell-like structure within the same framework without such assumptions as existence of clusters or an inert core. Therefore this framework is useful to investigate the existence of the cluster structure in 18 In this subsection, the AMD+GCM framework is briefly outlined. For more detail, readers are directed to Refs. [27, 28] . The AMD intrinsic wave function of A-nucleon system is described by a Slater determinant,
Here, ϕ i is a single particle wave packet which is composed of spatial part φ i (r), spin part χ i , and isospin part τ i . The spatial part is described by a Gaussian,
where Z i is complex three dimensional vector. The width parameter ν is common for all nucleons and fixed to 0.17 fm −2 . Spin part is parameterized by complex number parameter ξ i ,
The isospin part is fixed to up (proton) or down (neutron). The Z i and ξ i are the variational parameters and optimized by the frictional cooling method. The parity projected wave function which is generated from the Φ int is used as variational wave function,
where theP x is the parity operator. The Hamiltonian used in this study is given as,
TheT is the total kinetic energy andT g is the energy of the center-of-mass motion, that is exactly treated in the AMD. As the effective nuclear forceV n , the Modified Volkov force (MV1) [29] and spin-orbital part of the G3RS [30] force are used. Details and the applied parameter set of these forces are given in the next subsection. Coulomb forceV c is approximated by a sum of seven Gaussians. The energy variation is performed under the constraint on the matter quadrupole deformation parameter β. The constraint potential,
is added to the total energy of the system. Here, υ cnst takes adequate positive value, and β 0 is a given number. The definition of β is given in Ref. [4] . After the variation, the optimized wave function Φ ± (β) is projected to an eigenstate of the total angular momentum J,
Φ
The integrals over three eular angles are calculated numerically.
Finally, we superpose Φ J± MK (β) and diagonalize the Hamiltonian. The wave function which describes a certain state is given as,
where c i is determined by the Hill-Wheeler equation,
B. Interactions
We use the MV1 case3 force [29] for central force, and the G3RS force [30] for spin-orbit force. The MV1 force consists of finite-range two-body and zero-range threebody terms,
The spin-orbit part of the G3RS force is given as,
whereP ( 3 O) is the projection operator onto the triplet odd state. Adopted force parameters are summarized in We also investigate the single-particle structure of the obtained wave function Φ ± (β) by diagonalizing the single-particle Hamiltonian [4] . First, we transform the single-particle wave packets ϕ i into the orthonormal basis
Here µ α and c iα are the set of eigenvalues and eigenvectors of the overlap matrix
Using theφ α , we construct the single-particle Hamiltonian matrix,
Then we obtain the single-particle energy ǫ p and singleparticle wave function φ s by the diagonalization of h αβ ,
In this study, we calculate the density distribution of the single-particle wave function φ s to investigate the motion of valence neutrons.
III. RESULTS
A.
16 O
16 O is well known to have the prominent 12 C+α cluster structure in its excited states [10] . First, we investigate 16 O and see how the cluster structure is described in the present framework.
The energy curves before and after the angular momentum projection for the (a) positive-and (b) negativeparity states are shown in FIG. 1. Before the angular momentum projection, the positive-parity curve (dotted line in FIG.1 (a) ) has a energy minimum at the spherical point. As the deformation becomes larger, the energy rapidly increases. The angular momentum projection drastically changes the energy curve. Here, we discuss each curve with respect to the angular momentum eigen states with K=0 for the sake of simplicity. The 0 + curve has a minimum at β=0.20 and a shallow local minimum at β=0.66. The minimum state has the 0 ω configuration and correspond to the ground state, while the local minimum state has the 4 ω configuration (proton 2 ω and neutron 2 ω) and contributes to the 0 + 2 state. Here the particle-hole configuration of each state is evaluated by the analysis of single particle orbits. The density distributions of the intrinsic wave functions at these minima are shown in FIG. 2 (a) and (b). As clearly seen, the wave function at β=0.66 has the prominent 12 C+α clustering. In the case of the 2 + , 4 + and 6 + curves, they have two energy minima around β=0.30 and 0.65. The energy curve of the negative-parity state is also steep before the angular momentum projection. After the angular momentum projection, the energy spectra are different in the moderately deformed region (β < 0.5) and the largely deformed region (β > 0.5). In the former region, the lowest state is the 3 − state, and 1 − state is approximately 5 MeV above the 3 − state. In the largely deformed region, the spectrum shows the rotational nature. It is due to the structure change of the intrinsic wave function. In the moderately deformed region, the wave function has the 1 ω configuration, while in the largely deformed region, it has the 12 C+α cluster structure as shown in FIG. 2 
(c) and (d).
After the angular momentum projection, we have performed the GCM calculation. The states with non-zero K quantum number are also included into the GCM calculation. FIG. 3 in FIG.3 by the dotted line. When their energies are measured from the threshold, the K π =0 + 1 and 0 − 1 bands show better agreement with the experiment. In the present results, the parity doublet bands constructed by the prominent 12 C+α cluster structure are consistent with the cluster model calculations [10] . In addition, the single-particle excitations in the low-lying negative parity states are also described.
B.
18 O
In this subsection, we investigate how the α cluster structure changes by adding two neutrons to 16 O. The same calculational procedure as the case of 16 O is applied to 18 + 2 rotational band after the GCM calculation. In the case of the negative parity states (FIG. 4(b) ), the 3 − curve has the energy minimum at β=0.23, where the wave function has the proton 1 ω configuration. The 1 − curve has the energy minimum at β=0.34. The density distribution of this state (FIG. 5 (c) ) shows the slight development of the cluster structure. As deformation becomes larger, this cluster structure develops. Figure  5 (d) shows the pronounced 14 C+α cluster structure of the largely deformed negative parity state. Although the energy curves have no local minimum, they become the dominant component of the K π =0 − 1 rotational band after the GCM. Again, the development of the 14 C+α cluster structure is confirmed from the distributions of the wave packets and the localization of the valence neutrons around 12 C (FIG. 5 (d) ). [11, 14, 15, 16] and the α-transfer reaction [21] . We stress that the 14 C+α cluster structure of the K π =0 + 2 band has been found without assuming any structure in our calculation. We note that there is the mixing between the 14 C+α cluster structure and the shell-like structure. The K π =2 By adding four neutrons to 16 O, a variety of cluster states appears. The obtained energy curves and the density distributions of the core and four valence neutrons are shown in FIG. 7 and 8 , respectively. We define the valence neutrons as the four neutrons in the most weakly bound neutron orbitals, and the core as the nucleons in the lowest 16 orbitals. In the states shown in FIG. 8 , there are always two orbitals that have different density distributions, and two valence neutrons occupy each orbital. The 0 + curve has the energy minimum at β=0.20 (FIG. 8 (a) ), and the 2 + and 4 + curves have the energy minimum around β=0.10 and β=0, respectively. In this region, the wave functions have the 0 ω configuration. Around β=0.41, the structure changes from the 0 ω to the proton 2 ω configuration, and the 0 + and 2 + (4 + and 6 + ) curves have the shoulder (local minimum). In this region, two different cluster structures appear. Let us compare the wave functions at β=0.41 and β=0.53 (FIG.  8 (b) and (c) ). Both of them have similar core density distributions which show the development of the 12 C+α cluster core. The difference between them is clearly seen in the density distributions of the valence neutrons. The density distribution FIG. 8 (b) shows that four valence neutrons orbit around entire 12 C+α core. On the contrary, FIG. 8 (c) shows that two of four valence neutrons localize around 12 C cluster and the others localize around α cluster. Therefore, we regard that the wave function at β=0.41 has the 12 C+α+4n structure, and the wave function at β=0.53 has the 14 C+ 6 He structure. In the former, valence neutrons are moving in the mean field of the whole system of the 12 C+α core, while in the latter, the spatial correlations of two neutrons with the 12 C and α core are enhanced. From β=0.58, where the 0 + , 2 + , 4 + and 6
+ curves have shoulder, another cluster structure appears. The density distribution of the wave function at β=0.62 (FIG. 8 (d) ) shows the formation of developed 16 C+α structure, in which all valence neutrons orbit only around the 12 C cluster. Various structures also appear on the negative parity curve. The 1 − , 3 − and 5 − curves have energy minimum around β=0.17, where the intrinsic wave functions have the proton 1 ω configuration. Around β=0.50, where the negative parity curves show the rotational nature, the 14 C+ 6 He structure appears. The density distributions of the core and valence neutrons in this state (FIG.  8 (e) ) are quite similar to those of the 14 C+ 6 He structure that appears on the positive parity curve (FIG. 8  (c) ). In the largely deformed region, the 16 C+α cluster structure appears around β=0.61 (FIG. 8 (f) ), which is quite similar to that found on the positive parity curve (FIG. 8 (d) We note that the 14 C+ 6 He wave function (FIG. 8 (c) ) has large overlap with the 12 C+α+4n wave function (FIG. 8  (b) ), and hence the system has molecular-orbital-like nature. Therefore, we consider that the valence neutrons play an important role to lower the energy of the
band. The presence of the molecular-orbital-like band in 20 O may be related to the weakly bound nature of 16 C and 6 He. Since the last two neutrons in both nuclei are weakly bound, 16 C+α and 14 C+ 6 He do not appear in small excitation energy. However, when two neutrons are covalently bound and shared by 14 C and α clusters, it lowers the energy of the system.
IV. SUMMARY
We have investigated the cluster structures of 16 20 O may be related to the weak binding nature of subsystems, 16 C and 6 He. They are not rigid cluster subunit, because the last two neutrons are weakly bound in both nuclei. As a consequence, four valence neutrons orbit around 12 C+α cluster core in different ways, and it leads to the variety of cluster structures. It is an open problem whether the clustering phenomena appears in further neutron-rich Oxygen isotopes. various encouragement and discussions. The numerical calculations were carried out on Altix3700 BX2 at YITP in Kyoto University.
